Essential oils of eight plants growing in Egypt were isolated by hydrodistillation. The chemical composition of the isolated oils was examined by gas chromatography/mass spectrometry (GC-MS). In the contact toxicity assay, the oils of Mentha microphylla and Artemisia judaica were the most potent against Sitophilus oryzae. When tested against Tribolium castaneum, the oils of M. microphylla, Eucalyptus camaldulensis and A. judaica showed the highest activity among the test oils with M. microphylla being the most potent. In the fumigant assay, the oil of M. microphylla displayed the strongest insecticidal activity against S. oryzae (LC 50 ϭ0.21 ml/L), while the oils of Lantana camara (LC 50 ϭ29.47 ml/L) and E. camaldulensis (LC 50 ϭ30.81 ml/L) revealed good activity. In the case of T. castaneum, the oil of M. microphylla (LC 50 ϭ4.51 ml/L) was the most effective, followed by Citrus reticulata (LC 50 ϭ19.47 ml/L) and Schinus terebenthifolius (LC 50 ϭ20.50 ml/L). The most interesting finding in this study is the potent contact and fumigant toxicity of M. microphylla oil against S. oryzae and T. castaneum. These results suggested that M. microphylla oil could be used as a potential control agent for S. oryzae and T. castaneum.
INTRODUCTION
Fumigants (methyl bromide and phosphine) and protectants (synthetic insecticides) are the most common methods of controlling stored product insects; however, the intensive use of these chemicals may lead to environmental and health problems as well as the development of insect resistance. For this reason, alternative control means are necessary. Plants may provide potential alternatives to currently used insect control agents. Plant materials have several advantages over traditional pest control agents; such as specificity, biodegradability and low mammalian toxicity (Wink, 1993; Mohan and Fields, 2002) .
Essential oils are naturally occurring substances which are often responsible for a plant's distinctive scent or taste. There are 17,500 aromatic species that occur in higher plants (Bruneton, 1999) ; however, the genera capable of producing the compounds that constitute essential oils are distributed in a limited number of families, such as Myrtaceae, Lauraceae, Rutaceae, Lamiaceae, Asteraceae, Apiaceae, Cupressaceae, Poaceae, Zingiberaceae and Piperaceae. Plant essential oils in general have been recognized as an important natural resource of insecticides (Gbolade et al., 2000) . Their lipophilic nature facilitates their interference with basic metabolic, biochemical, physiological and behavioral functions of insects (Nishimura, 2001) . They have the potential to be ovicides, fumigants, insect growth regulators and insecticides against various insect species (Regnault-Roger et al., 1993; Tsao et al., 1995; Shaaya et al., 1997) . The essential oils major constituents, monoterpenes, are also of interest because of their toxicity to insects and other potent biological activities (Kubo et al., 1994; Basilico and Basilico, 1999) .
The rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae), and the rust red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), are among the most widespread and destructive stored product pests throughout the world. They cause significant losses of stored products, particularly in tropical and warm temperate regions (Hill, 1990) . It has been reported that the essential oils of some Myrtaceae plants growing in Australia and Artemisia sieberi from Iran possess fumigant toxicity against S. oryzae and T. castaneum (Lee et al., 2004; Negahban et al., 2007) . Essential oils and extracts of some aromatic plants purchased from South Korean markets revealed contact and fumigant toxicities toward S. oryzae (Kim et al., 2003) . Garcìa et al. (2005) reported that essential oil of Baccharis saliciflia (Asteraceae) had toxic and repellent effects against T. castaneum.
As part of our continuous studies on the chemistry and insecticidal activities of natural products isolated from Egyptian plants El-Aswad et al., 2003; Abdelgaleil et al., 2006; Abbassy et al., 2007) , we have studied the contact and fumigant toxicities of eight essential oils isolated from Egyptian plants against the adults of two stored products insects, S. oryzae and T. castaneum. The chemical profile of the isolated essential oils was also examined by gas chromatography-mass spectrometry (GC-MS). (Tackholm, 1974) and confirmed by Prof. FathAllah Zaitoon of Faculty of Agriculture, Alexandria University. Voucher speci-mens have been deposited in the Department of Pesticide Chemistry, Faculty of Agriculture, Alexandria University.
MATERIALS AND METHODS
Isolation of essential oils. The plants materials were dried at room temperature (26Ϯ1°C) for five days. Essential oils were extracted by hydrodistillation in a Clevenger-type apparatus for 2 h. The oils were dried over anhydrous sodium sulfate, and stored at 4°C until used for biological activities and GC-MS analysis.
Analysis of essential oils. Essential oils were diluted in diethyl ether and 1 ml was injected into gas chromatography (TRACE GC 2000, THERMO)/mass spectrometry (SSQ 7000, FIN-NIGAN) (GC-MS) apparatus. The GC column was a 60 m (0.25 mm i.d.) DB-5 (5% phenyl) methylpolysiloxane capillary column. The GC conditions were as follows: injector temperature, 220°C; column temperature, isothermal at 40°C for 2 min, then programmed to 250°C at 5°C/2 min and held at this temperature for 2 min; ion source temperature, 200°C. Helium was used as the carrier gas at the rate of 1 ml/min. The effluent of the GC column was introduced directly into the ion source of the MS. Spectra were obtained in the EI mode with 70 eV ionization energy. The sector mass analyzer was set to scan from 40 to 400 amu for 5 s.
Test insects. Cultures of the rice weevil, Sitophilus oryzae (L.), and the rust red flour beetle, Tribolium castaneum (Herbst), were maintained in our laboratory over 5 years without exposure to insecticides and reared on sterilized whole wheat and wheat flour mixed with yeast (10 : 1, w/w), respectively. Insect rearing and all experimental procedures were carried out at 26Ϯ1°C and 65Ϯ5% R.H. and a 12 : 12 light : dark photoperiod. Adults used in toxicity studies were 2 weeks post-eclosion.
Contact toxicity assay. The insecticidal activities of the essential oils against adults of S. oryzae and T. castaneum were determined by direct contact application (Qi and Burkholder, 1981; Broussalis et al., 1999) . A series of dilutions of essential oils were prepared using acetone as a solvent. Aliquots of 1 ml of the dilutions were applied on the bottom of a glass Petri dish (9 cm diameter) to give a range of concentrations (0.006-1 mg/cm 2 ). After evaporation of the solvent for 2 min, 20 adults of each insect were separately placed into each Petri dish. Control dishes with and without solvent were used. All treatments were replicated three times. Malathion (95%, American Cyanamid Co, USA) was used as a reference insecticide. Mortality percentages were recorded after 24 h of treatment and LC 50 values were calculated according to Finney (1971) .
Fumigant assay. The toxicity of the essential oil vapours against adults of S. oryzae and T. castaneum was examined using a modified fumigant toxicity assay as described by Huang et al. (2000) . One liter glass jars were used as fumigation chambers. Essential oils at 0.25, 0.5, 1, 2.5, 5, 10, 20, 40, 60, 80 and 100 ml were applied to filter paper (2ϫ3 cm) attached to the undersurface of screw caps of the glass jars. The inner side of the jar's neck was painted with Vaseline to prevent direct contact of insects with oil. The caps were screwed tightly onto the jars containing 20 insects of S. oryzae or T. castaneum in each. Three replicates of each control and treatment were set up. The number of dead insects was recorded after 24, 48 and 72 h of treatment. The mortality percentages were calculated after 72 h of treatment and LC 50 values were determined according to Finney (1971) .
RESULTS

Chemical composition of the isolated essential oils
The chemical composition of the essential oils of eight plants growing in Egypt obtained by hydrodistillation was analyzed using GC-MS. The major components of essential oil identified are given in Table 1 . The major constituents of the essential oils were piperitone (49.09%) and camphor (34.49%) in A. judaica, 1,6-dimethyl-1,5-cyclooctadiene (60.52%) and fragranol (10.52%) in A. santolina, dl-limonene (83.93%) and g-terpinene (10.75%) in C. reticulata, 1,8-cineole (45.47%) and (Ϫ)-spathulenol (32.37%) in E. camaldulensis, trans-caryophyllene (42.63%), a-humulene (13.94%) and 1,8-cineole (13.34%) in L. camara, piperitenone oxide (46.70%) and piperitone oxide (28.0%) in M. microphylla, g-muurolene (45.25%) and a-thujene (15.95%) in S. terebenthifolius, and 4-terpineol (29.96%) and b-terpinene (11.34%) in M. hortensis. Some major components were found in more than one plant, such as (Ϫ)-spathulenol, 1,8-cineole, camphor and sabinene but others were specific to the plant species. The major constituents of the essential oils mainly belong to four groups: oxygenated monoterpenes (piperitone, camphor, fragranol, 1,8-cineole, piperitenone oxide, piperitone oxide and 4-terpineol), monoterpene hydrocarbons (1,6-dimethyl-1,5-cyclooctadiene, dllimonene, a-thujene, g-terpinene and a-thujene), sesquiterpene hydrocarbons (trans-caryophyllene, a-humulene and g-muurolene) and oxygenated sesquiterpenes ((Ϫ)-spathulenol).
Contact toxicity of the isolated essential oils
The insecticidal potential of the eight isolated essential oils was evaluated against adults of the two insects, S. oryzae and T. castaneum, using the residual film method. The values of LC 50 (mg/cm 2 ), 95% confidence limits (mg/cm 2 ) and slopes of regression lines of the test oils against both insects are given in Tables 2 and 3. All of the tested oils exhibited varying levels of insecticidal activity against both insects. The essential oil of M. microphylla showed the strongest insecticidal activity against S. oryzae with LC 50 value of 0.01 mg/cm 2 , followed by A. judaica with an LC 50 value of 0.08 mg/cm 2 . The oils of M. hortensis (LC 50 ϭ0.10 mg/cm 2 ), E. camaldulensis (LC 50 ϭ0.11 mg/cm 2 ) and A. santolina (LC 50 ϭ0.14 mg/cm 2 ) revealed potent insecticidal activity on S. oryzae, while C. reticulata and S. terebenthifolius oils represented the weakest insecticidal activity against this insect.
In the case of T. castaneum, M. microphylla oil (LC 50 ϭ0.01 mg/cm 2 ) exhibited the highest insecticidal activity, followed by A. judaica (LC 50 ϭ0.15 mg/cm 2 ) and E. camaldulensis (LC 50 ϭ0.15 mg/cm 2 ). The essential oils of S. terebenthifolius, C. reticulata and L. camara were the least effective against this insect. Except for M. microphylla oil, which had the same activity against both insects, and C. reticulata oil, which was more active against T. castaneum than S. oryzae, all of the test oils were more toxic to S. oryzae than T. castaneum.
Fumigant toxicity of the isolated oils
Data of the fumigant toxicity of the test essential oils on S. oryzae adults are given in Table 4 . The essential oil of M. microphylla showed the strongest toxicity among the test oils against S. oryzae with LC 50 value of 0.21 ml/L. The toxicity of M. microphylla was 150-fold higher than the two next most active oils of L. camara (LC 50 ϭ29.47 ml/L) and E. camaldulensis (LC 50 ϭ30.81 ml/L). The oils of S. terebenthifolius and C. reticulata exhibited moderate fumigant toxicity against S. oryzae, while the oils of A. judaica and M. hortensis were not toxic to the insect at the highest concentration tested of 100 ml/L. 
DISCUSSION
The major constituents of the isolated essential oils from A. judaica, A. santolina, C. reticulata, E. camaldulensis, L. camara, M. microphylla, and M. hortensis were similar to previous reports on the chemistry of these oils isolated from plants growing in Egypt or other countries (Traboulsi et al., 2002 (Traboulsi et al., , 2005 Bader et al., 2003; Tsiri et al., 2003; El-Ghorab et al., 2004; Abdel-Hady et al., 2005; Njoroge et al., 2005) ; however, the concentrations of the major compounds were significantly and/or slightly different. These changes in essential oil compositions might arise from several environmental (climatical, seasonal, geographical) and genetic differences (Ravid et al., 1992; Perry et al., 1999) . The chemical composition of S. terebenthifolius essential oil had not been previously investigated.
The results of the experiments presented above clearly indicate that all the test oils possessed contact insecticidal activity against the adults of S. oryzae and T. castaneum to varying degrees; however, 6 of the eight test oils showed fumigant toxicity against both insects. To the best of our knowledge, no study has previously been reported on the insecticidal activities of the eight test oils against both insects; however, it has been reported that some of the test oils had insecticidal activity against other insects. For example, the oil of L. camara revealed insecticidal activity against 3rd instar larvae of Musca domestica (Abdel-Hady et al., 2005) and the adults of Sitophilus zeamais (Bouda et al., 2001) . The oil of M. microphylla exhibited toxic effects against the 4th instar larvae of Culex pipiens (Traboulsi et al., 2002) and the adults of Acanthoscelids obtectus (Papachristos and Stamopoulos, 2002) . In our preliminary study on the bioactivity of M. microphylla and L. camara oils, both oils showed contact insecticidal activity against S. oryzae and T. castaneum, and M. microphylla oil revealed fumigant toxicity towards the two insects. However, there were significant differences in the chemical composition and insecticidal activity of these two oils reported in the present and previous study (Abdelgaleil, 2006) . The toxic and repellent effects of E. camaldulensis oil against Culex pipiens have been described by Traboulsi et al. (2005) and Erler et al. (2006) . It is noteworthy that the insecticidal activity of the test oils varied with the insect species and bioassay method. In the contact toxicity assay, the test oils were more effective against S. oryzae than 604 M.I.E. MOHAMED and S.A.M. ABDELGALEIL T. castaneum except for M. microphylla, which showed equal activity against both insects, and C. reticulata, which was more effective against T. castaneum than S. oryzae. In the fumigant toxicity assay, the oils M. microphylla and L. camara were more effective against S. oryzae, while the oils of C. reticulata and S. terebenthifolius were more effective against T. castaneum. The oils of A. santolina and E. camaldulensis had similar activity against both insects and the oils of A. judaica and M. hortensis had no toxic effect in this assay. A difference response of the insect species to the essential oils has previously been reported for stored product insects Negahban et al., 2007) . Comparing the results of the two assay methods on S. oryzae indicated that M. microphylla oil was the most potent in both techniques. The most interesting finding in these results is that the oils of A. judaica (LC 50 ϭ0.08 mg/cm 2 ) and M. hortensis (LC 50 ϭ0.10 mg/cm 2 ) showed very strong toxic activity in the contact assay, while they had no toxic effects in the fumigant assay (LC 50 Ͼ100 ml/L). The oils of C. reticulata and S. terebenthifolius revealed weak contact toxicity and moderate fumigant activity. In the case of T. castaneum, the oil of M. microphylla was the most effective in both techniques. The oils of A. judaica and M. hortensis displayed strong contact toxicity, while they did not cause fumigant toxicity. Similarly, Garcìa et al. (2007) stated that the essential oil of Flourensia oolepis displayed contact toxicity and did not show fumigant toxicity against T. castaneum. In contrast, the oils of C. reticulata and S. terebenthifolius were highly effective in the contact assay but moderately effective in the fumigant assay. In conclusion, the assay method has great potential for the activity of the test oil. A similar conclusion has been reached on the insecticidal activity of essential oils and monoterpenes against stored product insects by Prates et al. (1998) and Kim et al. (2003) . The essential oil of M. microphylla showed outstanding toxicity against the adults of S. oryzae and T. castaneum in both fumigant and contact toxicity assays. Based on LC 50 values of the fumigant and contact assays in this and earlier studies, this oil was the most potent essential oil ever tested against S. oryzae and T. castaneum. The LC 50 values of this oil were 0.21 and 4.51 ml/L on S. oryzae and T. castaneum, respectively, in the fumigant assay. The contact toxicity of this oil (LC 50 ϭ0.01 mg/cm 2 on both insects) was 2.5 times less than the toxicity of a reference insecticide, malathion, on T. castaneum, while it was 62.5 times less toxic than malathion on S. oryzae based on LC 50 values. The potent insecticidal activity of M. microphylla oil could be attributed to the major constituents (piperitenone oxide and piperitone oxide) (Fig. 1) . The major constitute of this oil, piperitenone oxide, revealed strong toxic, repellent, and reproduction retardant effects on malarial vector Anopheles stephensi (Tripathi et al., 2004) . In addition, the two major constituents, piperitenone oxide and piperitone oxide, possessed antibacterial and antifungal activity (Oumzil et al., 2002) .
Contact and fumigant insecticidal actions of plant essential oils have been demonstrated against stored product pests (Shaaya et al., 1991; Regnault-Roger et al., 1993; Sarac and Tunc, 1995) . The insecticidal constituents of many plant essential oils are monoterpenoids. The insecticidal activity of monoterpenes has also been reported against stored products insects (Ho et al., 1997; Garcìa et al., 2005) . The insecticidal activity of the essential oils investigated in the present study may be attributed to their major constituents of monoterpenes. Since some major constitutes of the test oils, such as limonene, camphor, 1,8-cineole and g-terpinene, possessed insecticidal effects against the test insects (Lee et al., 2001 Garcìa et al., 2005) . Monoterpenes act as neurotoxicants against different insect species (Coats et al., 1991; Enan, 1998) . They have been shown to inhibit both the GABA receptor in marine algae (Coats, 1990) , and acetylcholinesterase (AChE) isolated from different insect species (Grundy and Still, 1985; Ryan and Fig. 1 . Chemical structure of the major constituents of Mentha microphylla oil; piperitone oxide and piperitenone oxide. Byrne, 1988) ; therefore, we suggest that the test oils may cause insecticidal activity via one or more of these modes of action.
In conclusion, the results of this study demonstrated that some of the test essential oils, such as M. microphylla, A. judaica, M. hortensis and E. camaldulensis, have remarkable contact toxicity against the adults of S. oryzae and T. castaneum, with M. microphylla oil being the most potent. In addition, the oils of M. microphylla, S. terebenthifolius and C. reticulata showed strong fumigant toxicity against S. oryzae. Moreover, the oils of M. microphylla, E. camaldulensis and L. camara were the most potent against T. castaneum. Taking into account that the M. microphylla plant is a very common weed growing on the banks of irrigation channels and is spread throughout cultivated land in Egypt, with the excellent insecticidal activity of the essential oil of this plant reported here, the oil of this plant could be used in control of S. oryzae and T. castaneum. Although the leaves of this plant are commonly used by villagers as flavoring agents in tea, further studies need to be conducted to evaluate the safety of this oil before practical use in stored product insect control.
